Numerous studies have established abnormalities in systolic and diastolic function of the left ventricle in hypertrophic cardiomy· opathy. A consistent feature of this disease is reduced diastolic function of the left ventricle, but little information is available regarding right ventricular function in this disease. Cine nuclear magnetic resonance (NMR) imaging has been found to be effective for measuring right ventricular volumes and therefore was used to assess early diastolic filling of the right ventricle in patients with hypertrophic cardiomyopathy.
Numerous studies have established abnormalities in systolic and diastolic function of the left ventricle in hypertrophic cardiomy· opathy. A consistent feature of this disease is reduced diastolic function of the left ventricle, but little information is available regarding right ventricular function in this disease. Cine nuclear magnetic resonance (NMR) imaging has been found to be effective for measuring right ventricular volumes and therefore was used to assess early diastolic filling of the right ventricle in patients with hypertrophic cardiomyopathy.
Right ventricular time·volume curves were obtained from cine NMR images in 10 patients with hypertrophic cardiomyopathy and 8 normal subjects. Right ventricular volume was calculated Altered isovolumetric relaxation, impaired diastolic filling and decreased compliance of the left ventricle in hypertrophic cardiomyopathy have been consistently shown with use of cardiac catheterization (1,2), echocardiography (3) (4) (5) and radionuclide angiography (6) . The existence of hyper· trophy of the right ventricular free wall in this disease has been shown in vivo with use of nuclear magnetic resonance (NMR) imaging (7) and has been verified postmortem (8) . However, little information has been available concerning right ventricular diastolic function in hypertrophic cardiomy· opathy. Analysis of time-volume curves of the right ventricle has been limited by the lesser capability of noninvasive imaging techniques for quantification of right ventricular compared with left ventricular volumes. Recently cine NMR imaging has been shown to be capable of accurate and reproducible measurement of right (9) as well as left (10) ventricular volumes.
The purpose of the current study was to compare indexes of early diastolic filling of the right ventricle in normal subjects with those in patients with hypertrophic cardiomy-with use of Simpson's algorithm at approximately 18 phases of the cardiac cycle and, from the curve, peak filling rate and filling fraction during the first third of diastole were determined.
In patients with hypertrophic cardiomyopathy, peak filling rate tended to be less (176 ± 46 vs. 305 ± 50 mils, p < 0.01) and filling fraction decreased (39.5 ± 13.8 vs. 74.5 ± 13.3%, P < 0.01)
in comparison with values in normal subjects. Thus, analysis of right ventricular time· volume curves ob· tained by using cine NMR imaging demonstrated diastolic dys· function of the right ventricle in hypertrophic cardiomyopathy.
(J Am Coli CardioI1991; 18:120-6) opathy with use of the right ventricular time-volume curve obtained by cine NMR imaging.
Methods
Study patients. A right ventricular time-volume curve was obtained in 18 subjects with use of cine nuclear magnetic resonance (NMR) imaging. The subjects were 10 patients with hypertrophic cardiomyopathy (hypertrophic cardiomyopathy group: mean age 55.4 ± 20.9 years, heart rate: 62.1 ± 10.6 beats/min) and 8 asymptomatic volunteers (normal group: mean age 30.4 ± 4.8 years, heart rate 62.4 ± 4.3 beats/min). No history of congenital heart disease, valvular heart disease, ischemic heart disease or cardiomyopathy was confirmed and NMR findings of the left ventricle were normal in all asymptomatic volunteers. All patients in the hypertrophic cardiomyopathy group had echocardiographically documented asymmetric septal hypertrophy with septal thickness ;:::16 mm. The maximal end-diastolic wall thickness of the left ventricle measured with NMR imaging was 24.3 ± 6.7 mm in the hypertrophic cardiomyopathy group.
All subjects gave informed consent and the research and consent form was approved by the Institutional Committee on Human Research.
Cine NMR imaging. The electrocardiographically referenced gradient refocused technique was used with a 1. the imager software) of each slice at each phase of the cardiac cycle. The volume was calculated by summing the areas in the adjacent slices encompassing the entire right ventricle (average 6.3 ± 1.0 slices) and multiplying by the slice thickness.
To standardize window width and level setting for tracing endocardial and epicardial borders, representative signal intensities of the ventricular blood pools, myocardium, lung and intrapericardial space were measured for each image. The intensity of the myocardium was set as the window level (midpoint of the window). The intensity difference between the blood pool and the myocardium multiplied by 1.5 was defined as the window width for tracing of the endocardium (Fig. 1) . The difference of intensity between the myocardium and the structures immediately external to the myocardium multiplied by 1.5 was used for tracing the epicardium.
The heart was encompassed with 12 anatomic levels in two or three imaging periods consisting of 6 or 4 levels, respectively. The heart rate remained relatively constant during imaging but varied as much as 6 beats/min in some subjects. Variations in heart rate in some patients caused the number of frames per cardiac cycle to vary by I among acquisitions in the same patient. To compensate for this variation among anatomic levels, the time frames were adjusted by simple linear interpolation. This time compensation technique was used in 9 of the 18 subjects; in the remaining subjects an equal number of frames was used at the various anatomic levels.
The first derivative curve was obtained by calculating volume differences of adjacent two points on the right ventricular volume curve divided by the average time between points (the time between points was equal to effective pulse repetition time).
Ventricular volumes and mass. At the base of the ventricles, the right ventricle was distinguished from the right atrium because the contour of the right atrium increased during systole. Likewise, only myocardium that thickened in systole, indicating that it was left ventricular myocardium, was included in left ventricular mass measurements. These judgments were made by viewing the cine loops. Enddiastolic and end-systolic volumes of the right ventricle were obtained from the right ventricular time-volume curve. In the current study, 32 ms after the R wave (the first cardiac frame) was used for end-diastolic measurements and the timing of end-systole was defined as the minimal point on the right ventricular time-volume curve. Left ventricular enddiastolic and end-systolic volumes were reconstructed by using the sets of images in common cardiac phase that gave maximal and minimal volumes, respectively. Left ventricular mass was reconstructed with Simpson's algorithm; for this measurement the end-systolic images were used. Left ventricular mass included the ventricular septum in the measurement. A specific gravity of 1.05 (glm}) was used for calculation of ventricular mass.
Indexes of diastoHc function of the right ventricle. The following variables were measured from the right ventricular time-volume curve and the first derivative of the curve: 1) peak filling rate (mlls): the maximal rate of increase of right ventricular volume; 2) the time to peak filling rate (s): the time interval between end-systole and the time point of the peak filling rate; and 3) volume increase (ml) and filling fraction (%) during the first third of diastole: absolute value and percent (normalized by right ventricular stroke volume) of the increase of right ventricular volume during the first third of diastole.
The time point of the peak filling rate was defined as the JACC Vol. 18, No. I July 1991:120-6 maximal point on the curve of the first derivative. For the statistical analyses of the indexes of peak filling rate and time to peak filling rate, we excluded those patients with hypertrophic cardiomyopathy whose peak filling rate occurred in late diastole during the atrial contraction period (last 0.25 s of the diastolic period), because in these patients the value of peak filling rate does not represent properties of the early diastolic filling and time to peak filling rate does not parallel the properties. Intraobserver and interobserver variabilities for measurement of area of the right ventricular cavity. To evaluate intraobserver and interobserver variabilities for this measurement, the 262 areas of the cavity on 262 frames at 16 levels from 16 cases were measured twice by the first observer and once by a second observer. Intraobserver and interobserver variabilities were expressed as the absolute difference divided by the mean of the two paired measurements.
Statistical analysis. All values are expressed as mean values ± SD. Differences between the two groups were tested by the unpaired t test. A significant difference was indicated by a p value < 0.05.
Results
Right and left ventricular volumes. The stroke volume of the right and left ventricles was 56.8 ± 8.5 and 55.9 ± 10.8 ml, respectively; these values included data from all subjects of the current study except for one patient with hypertrophic cardiomyopathy who had moderate mitral regurgitation. Absolute difference of the two stroke volumes divided by the average of these two stroke volumes was 8.1 ± 5.8% (hypertrophic cardiomyopathy group 8.8 ± 6.8%, normal group 7.4 ± 4.8%).
Right ventricular end-diastolic volume of the hypertrophic cardiomyopathy group (89.6 ± 18.1 ml) was smaller than that of the normal group (119.2 ± 15.4 ml) (p < 0.01); the right ventricular end-systolic volume of the hypertrophic cardiomyopathy group (36.1 ± 11.7 mt) was smaller than that ofthe normal group (59.3 ± 14.0 ml) (p < 0.01). The ejection fraction of the right ventricle of the hypertrophic cardiomyopathy group (60.1 ± 6.3%) was greater than that of the normal group (50.8 ± 6.9%) (p < 0.05).
Intraobserver and interobserver variabilities for measure· ment of area of the right ventricular cavity. Intraobserver variability was 4.8 ± 6.0% and interobserver variability was 7.3 ± 7.9%.
Indexes of right ventricular diastolic function (Table 1) . Examples of the right ventricular time-volume curve and the first derivative of the curve in a patient with hypertrophic cardiomyopathy and a normal subject are shown in Figures  2 and 3 (n = 5) (n = 5) (n = 10) (n = 10) Normal 305 ± 50 2.6 ± 0.5 0.11 ± 0.07 44.5 ± 8.5 74.5 ± 13.
Values are expressed as mean values ± SD. *For these comparisons five patients with hypertrophic cardiomyopathy whose peak filling rate occurred in late diastole were excluded. In these patients peak filling rate was thought to be related to right atrial contraction. tp < 0.01. HCM = hypertrophic cardiomyopathy; RVdV = absolute right ventricular volume increase during the first third of diastole; RVEDV = right ventricular end-diastolic volume; RVFF = filling fraction of the right ventricle; RVPFR = peak filling rate of the right ventricle; RVTPFR = time to peak filling rate of the right ventricle.
the first third of diastole were lower in the hypertrophic cardiomyopathy group than in the normal group. Five patients with hypertrophic cardiomyopathy whose peak filling rate occurred in late diastole (the last 0.17 ± 0.06 s of the diastolic period) were excluded for analyses of peak filling rate and time to peak filling rate. Absolute volume increase (16.2 ± 6.3 ml) and filling fraction (29.4 ± 10.1%) were severely decreased in these five excluded patients. Peak filling rate (hypertrophic cardiomyopathy group 176 ± 46 mUs, normal group 305 ± 50 mlls; p < 0.01) was lower in the hypertrophic cardiomyopathy group. Although there was no significant difference between the two groups, time to peak filling rate (hypertrophic cardiomyopathy group 0.22 ± 0.14 s, normal group 0.11 ± 0.07 s; p = 0.09) tended to be prolonged. Peak filling rate divided by right ventricular end-diastolic volume (hypertrophic cardiomyopathy group 2.1 ± 0.5 1/s; normal group 2.6 ± 0.5 1/s, p = 0.09) tended to be decreased in the hypertrophic cardiomyopathy group. Relation between indexes of right ventricular early diastolic filling and left ventricular mass. There was an inverse correlation between right ventricular filling fraction and left ventricular mass index (r = 0.78, P < 0.01). However, there was no significant correlation between other indexes of right The same methods that were used for the right ventricle were applied to obtain the indexes of left ventricular early diastolic filling in eight normal subjects. LVdV = absolute volume increase of the left ventricle during the first third of the diastole; LVEDV = left ventricular end-diastolic volume; LVFF = left ventricular filling fraction; LVPFR = peak filling rate of the left ventricle; LVTPFR = time to peak filling rate of the left ventricle.
ventricular early diastolic filling and left ventricular mass or mass index in the hypertrophic cardiomyopathy group.
Discussion
Time-volume curves of the right ventricle. Time-volume, time-dimension and time-activity curves of the left ventricle obtained with contrast left ventriculography (2), M-mode echocardiography (3) (4) (5) and radionuclide angiography (6, (11) (12) (13) have been used to estimate early diastolic filling of the left ventricle. The complicated shape of the right ventricle makes it difficult to apply a simple geometric model to obtain right ventricular volumes from either single plane or biplane cineangiography. It is also difficult to obtain images of the entire right ventricle with use of two-dimensional echocardiography. Although the time-activity curve of the right ventricle obtained with radio nuclide methods has been available, detailed analysis of the time-activity curve has been limited by the contribution of the right atrium to the ventricular activity curve due to right atrial-right ventricular overlap. Thus, it has not been feasible to obtain an accurate time-volume curve of the right ventricle with traditional methods.
To obtain the time-volume curve of the right ventricle with application of Simpson's algorithm, a set of crosssectional images that encompass the entire right ventricle with clear endocardial margins is required at multiple phases in the cardiac cycle. Nuclear magnetic resonance (NMR) imaging is an effective method to obtain such images of the right ventricle (7, 14) and the capability of cine NMR imaging for measuring right (9) and left (10) ventricular volumes has been shown. Therefore, cine NMR imaging was used to assess early diastolic filling of the right ventricle in the current study. The normal values for filling indexes of the left ventricle are known; that is, the left ventricular peak filling rate should be ~2.5 end-diastolic volumes/s and the left ventricular time to peak filling rate is <0.18 s (15) . In the current study the indexes of left ventricular early diastolic filling in the normal group were evaluated with the same method that was applied to the right ventricle ( Table 2 ). The normal values for filling indexes of the left ventricle obtained with cine NMR imaging in the current study were similar to those for the left ventricle reported previously with use of radionuclide methods. This observation suggests that the techniques used for monitoring right ventricular timevolume curves with this method are reasonable. However, the clinical applicability of this method will require automation edge definition for volume measurement because manual analysis of imaging data now requires several hours per study.
Right ventricular dysfunction in hypertrophic cardiomyopathy. In hypertrophic cardiomyopathy, an intrinsic functional disorder is impaired diastolic function of the left ventricle. Such dysfunction has been shown with cardiac catheterization (1,2), echocardiography (3) (4) (5) and radionuclide angiography (6) . Anatomic involvement of the right ventricle in hypertrophic cardiomyopathy is known and hypertrophy of the free wall of the right ventricle has been demonstrated (7, 8) . These observations raise the question of functional abnormality of the right ventricle. On the basis of the findings of the time-volume curve obtained with cine NMR imaging in the current study, both impaired early diastolic filling and elevated systolic function of the right ventricle were demonstrated in patients with hypertrophic cardiomyopathy.
Variables that can influence early diastolic filling. Previous studies using conventional methods have shown that the dynamics of diastolic filling of the left ventricle are influenced not only by left ventricular diastolic function, but also by physiologic variables such as heart rate (16) , left ventricular volume (13) , left ventricular ejection fraction or inotropism (17) and age (18) (19) (20) . Increased heart rate augments the rapid filling rate and reduces the filling fraction of the left ventricle. Decreased left ventricular end-diastolic cardiomyopathy whose peak filling rate occurred in late diastole was excluded for analyses of right ventricular peak filling rate and time to peak filling rate. Abbreviations as in Table I .
and end-systolic volumes and increased ejection fraction or inotropism result in favorable modifications of the early filling pattern of the left ventricle. Aging is associated with increased left ventricular stiffness. These facts must also be considered when right ventricular diastolic function is analyzed with the time-volume curve of the right ventricle. In the current study there was no significant difference in heart rate between the normal and hypertrophic cardiomyopathy groups. End-diastolic and end-systolic volumes of the right ventricle in the hypertrophic cardiomyopathy group were smaller and right ventricular ejection fraction was greater in comparison with values in the normal group. The differences in these variables between the two groups would be expected to augment the filling function in the hypertrophic cardiomyopathy group rather than decrease it, as was the finding in the current study (Table 3) . On the other hand, the age of the hypertrophic cardiomyopathy group may have contributed to the decrease of diastolic properties compared with the normal group ( Table 3 ). The indexes of early diastolic filling of three young patients in the hypertrophic cardiomyopathy group are shown in Table 4 . The early diastolic filling in these patients was also significantly impaired, as was also observed in the older patients. Thus, alteration of the pattern of early diastolic filling in the hypertrophic cardiomyopathy group strongly suggests the existence of diastolic dysfunction of the right ventricle in hypertrophic cardiomyopathy, which is not entirely related to age.
Relation between diastolic function and the extent of hypertrophy. The possibility of a causal relation between indexes of the early diastolic filling of the left ventricle and the extent of hypertrophy of this chamber is still controversial (21, 22) . Left atrial pressure and left ventricular relaxation are important determinants of early diastolic filling (23) . Accordingly, in a severely hypertrophied heart, the indexes could be paradoxically normalized because of elevated left atrial pressure (22) . In the present study indexes of early diastolic filling of the right ventricle did not correlate with either left ventricular mass or left ventricular mass index except for a weak relation between left ventricular mass index and right ventricular filling fraction. The relation of filling indexes of the right ventricle to right ventricular mass was not defined because of concern regarding accuracy of the measurement for the thin free wall of the right ventricle in relation to the spatial resolution of 1.3 x 2.6 mm for cine NMR imaging.
Limitations. To encompass the entire right ventricle during a reasonable examination time, pulse acquisitions were performed alternately at two anatomic levels. This caused the effective repetition time for each slice to be 40 to 62 ms (average 55.1 ± 10.2). This temporal resolution is less than optimal for detailed analysis of the time-volume curve. However, the time resolution of the current study was adequate to identify a difference in the diastolic function of the right ventricle between the patients with hypertrophic cardiomyopathy and normal subjects.
Conclusions. Cine nuclear magnetic resonance imaging provided time-volume curves of the right ventricle. With use of this curve and its first derivative curve, impairment of diastolic function of the right ventricle in hypertrophic cardiomyopathy was demonstrated.
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